P-wave velocity structure in the southernmost source region of the 2011 Tohoku earthquakes, off the Boso Peninsula, deduced by an ocean bottom seismographic survey by Kazuo Nakahigashi et al.
Earth Planets Space, 64, 1149–1156, 2012
P-wave velocity structure in the southernmost source region of the 2011
Tohoku earthquakes, off the Boso Peninsula, deduced
by an ocean bottom seismographic survey
Kazuo Nakahigashi1, Masanao Shinohara1, Kimihiro Mochizuki1, Tomoaki Yamada1, Ryota Hino2,
Toshinori Sato3, Kenji Uehira4∗, Yoshihiro Ito2, Yoshio Murai5, and Toshihiko Kanazawa1∗
1Earthquake Research Institute, University of Tokyo, Tokyo 113-0032, Japan
2Graduate School of Science, Tohoku University, Sendai 980-8578, Japan
3Graduate School of Science, Chiba University, Chiba 263-8522, Japan
4Institute of Seismology and Volcanology, Kyushu University, Shimabara 855-0843, Japan
5Institute of Seismology and Volcanology, Hokkaido University, Sapporo 060-0810, Japan
(Received February 5, 2012; Revised May 9, 2012; Accepted June 17, 2012; Online published January 28, 2013)
We present the result of a seismic experiment conducted using ocean bottom seismometers and controlled
sources in the region off Ibaraki and the Boso Peninsula. This region is the southern edge of the rupture zone of
the 2011 off the Paciﬁc coast of Tohoku Earthquake. We estimated the P-wave seismic velocity structure beneath
the proﬁle using a 2-D ray-tracing method. The crustal structure in the southern area is more heterogeneous than
that of the northern area. This heterogeneity is thought to be related with subducting the Philippine Sea plate
(PHS). The plate boundary between the landward plate and the Paciﬁc plate (PAC) is positioned at depths of 20
km at a distance of 170 km from the southern end of the proﬁle. The subducting PHS is imaged on the southern
part of the proﬁle. However, we could not obtain a distinct image of the contact zone of PHS and PAC. The
contact zone of PHS and PAC is estimated to have a large heterogeneity resulting from strong deformation due to
the collision of the two plates. We infer that the termination of the rupture, and the large afterslip in the collision
region, are caused by this strong heterogeneity.
Key words: Crustal structure, Philippine Sea plate, Paciﬁc plate, The 2011 off the Paciﬁc coast of Tohoku
Earthquake, ocean bottom seismometer (OBS), plate boundary.
1. Introduction
The Japan Trench (JT) is one of the most active seismo-
genic zones in the world. The Paciﬁc plate (PAC) is sub-
ducting beneath the northeastern Japan (NEJ) arc (Fig. 1).
Large earthquakes in the forearc region of the NEJ arc have
been recorded in the historical record. Since the 1980s,
many seismic experiments using controlled sources and
Ocean Bottom Seismometers (OBSs) have been conducted
to study the seismic structure beneath the landward slope of
the JT (e.g. Suyehiro et al., 1985; Takahashi et al., 2004;
Mochizuki et al., 2008). The precise structure of the fore-
arc region in the NEJ arc, including the subducting oceanic
crust, has been obtained from these studies.
In the southernmost part of the JT, there is a trench-
trench-trench-type triple junction (Mckenzie and Morgan,
1969). The Philippine Sea plate (PHS) is subducting north-
westward from the Sagami Trough and the PAC is subduct-
ing westward from the Japan and Izu-Ogasawara trenches
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(e.g. Seno, 1977; Ishida, 1992). The subduction of the PHS
below the landward plate is also estimated from the exis-
tence of low-angle thrust-fault-type earthquakes which oc-
cur below this region. The thrust-type earthquakes can be
grouped by slip vector direction. The earthquakes associ-
ated with the subduction of the PAC have a P-axis in the
direction west or west-northwest, which is consistent with
the relative plate motion of the PAC. Earthquakes occur-
ring between the PHS and NEJ arc have a relatively shal-
low depth and are mainly observed below the Kanto-region.
The direction of the P-axis is northwest, which is consistent
with the direction of the subduction of the PHS. The PHS
is suggested to overlay on the PAC in the Kanto-region in-
cluding the Boso-peninsula. From the study for repeating
earthquakes which have thrust-type mechanisms, it is in-
ferred that the PHS is in contact with the PAC below the
Boso-peninsula (Uchida et al., 2009). However, it is difﬁ-
cult to determine the exact position of the northern limit of
the PHS off the Boso-peninsula due to a lack of seismicity
in the marine area.
Various seismic events have occurred as a result of the
subduction of the PAC and PHS beneath the NEJ arc. Slow
slip events and devastating earthquakes such as the 1923
Kanto earthquake associated with the subduction of the
PHSwere known in the region off Boso-peninsula (e.g. Sato
et al., 2005; Ozawa et al., 2007). In order to analyze these
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Fig. 1. Map showing bathymetry and location of the seismic survey in
the southernmost part of the Japan Trench. Positions of the OBSs are
marked by red solid circles. The thick solid line represents the sur-
vey line. Numerals indicate the OBS number. Dashed lines denote
the axis of the Japan trench, Sagami trough, and Izu-Ogasawara trench.
The bathymetric contour interval is 1000 m. The inset shows the plate
boundaries and survey area. The dashed grey line denotes the northeast-
ern limit of the Philippine Sea plate according to Uchida et al. (2009).
The white arrows indicate relative motion between the two plates at the
plate boundary (Seno et al., 1993, 1996).
seismic events, it is necessary to know the crustal structure
of the off-Boso region. Several seismic reﬂection surveys
(e.g. Takeda et al., 2007; Kimura et al., 2009, 2010) and
a refraction survey using OBSs (Hirata et al., 1992) have
been conducted. These studies revealed a shallow structure
in the off-Boso region, and the subduction of the PHS below
the landward plate from the Sagami trough is imaged in the
shallow region. However, the deep seismic structure of this
region has not been obtained. In addition, little seismicity
is observed at the plate boundary between the PHS and the
landward plate below the off-Boso region. Therefore, there
has been a controversy about the precise position of the tip
of the PHS below the landward plate.
Moreover, the 2011 off the Paciﬁc coast of Tohoku earth-
quake (hereafter, the 2011 Tohoku earthquake) (MJMA =
9.0) occurred in the forearc region of the JT on March 11,
2011 (Hirose et al., 2011). The source region of this earth-
quake is considered to spread to the off-Ibaraki and Boso
region. The largest aftershock (M = 7.7) occurred thirty
minutes after the mainshock in this region (Nishimura et
al., 2011). Furthermore, the afterslip area of the mainshock
reaches the off-Boso region (Ozawa et al., 2011). Deter-
mination of the detailed seismic structure of the region off
Ibaraki and Boso-peninsula is important for considering the
spread of the source region of the 2011 Tohoku earthquake.
We investigate, therefore, the precise deep seismologi-
cal structure beneath the landward slope off Ibaraki and the
Boso Peninsula by a seismic survey using OBSs and explo-
sives as seismic sources. In this paper, we present a two-
dimensional (2-D) P-wave velocity model along a 400-km-
long proﬁle on the southernmost part of the source region
of the 2011 Tohoku earthquake.
2. Experiment and Data Analysis
In September, 2008, we conducted a seismic refrac-
tion experiment off Ibaraki and the Boso Peninsula us-
ing M/V Kaiko-maru No 5 (Offshore Operation Co., char-
tered by the Earthquake Research Institute (ERI), Univer-
sity of Tokyo) and R/V Hakuho-maru (Japan Agency for
Marine-Earth Science and Technology). A seismic sur-
vey line with a length of 400 km was located on the land-
ward slope along the JT and was oblique to the Sagami
trough (Fig. 1). We deployed 31 short-period type OBSs,
equipped with a three-component 4.5 Hz geophone on a
leveling mechanism (Shinohara et al., 1993). During the
seismic survey, a passive seismic experiment had been con-
ducted using Long-Term OBSs (LT-OBSs) equipped with
three-component velocity sensors whose natural frequen-
cies were 1 Hz (Kanazawa et al., 2009) around the seismic
survey line (Yamada et al., 2011), and 10 LT-OBSs were lo-
cated on the survey line. Thus, a total of 41 OBSs at 10-km
spacing were used for the seismic survey. Due to problems
with the recording system, the data of the 4 OBSs could not
be used. All other stations yielded useful data. Explosives
and airguns were ﬁred as controlled seismic sources on the
line. A charge size of each explosive source was 40 kg and
the total number of shot was 134. Four airguns with a total
volume of 6000 cubic inches were ﬁred at a spatial interval
of approximately 150 m. Record examples of the vertical
component of OBS 67 and 26 for explosives and airguns
are shown in Figs. 2 and 3, respectively. We can identify
a large change in the apparent velocity of ﬁrst arrivals in
both sections. The signal-to-noise ratio decreases towards
the southern part of the proﬁle. First arrivals from the ex-
plosives can be recognized for OBS 67 at an offset distance
up to about 200 km (Fig. 2).
The P-wave velocity model was constructed using the
following steps. The direct tau-p mapping and the tau-sum
inversion (Diebold and Stoffa, 1981; Stoffa et al., 1981;
Shinohara et al., 1994) were applied to the airgun data to
obtain a one-dimensional P-wave velocity structure of the
shallow part just below each OBS. Next, we conducted a
refraction tomography analysis (Fujie et al., 2006) using
only ﬁrst-arrival data from airgun and explosive records.
From these analyses, a detailed structure of the shallow
part, and an outline of the deep structure, were obtained.
For the tomographic analysis, we deﬁned a model space of
400 km×35 km comprising 10 km×2 km cells. The veloc-
ities of each cell were determined from 7338 ﬁrst arrivals.
Through this inversion, the root-mean-square (RMS) error
of the ﬁrst-arrival data was reduced from 1427 ms to 151
ms. Finally, we obtained the ﬁnal crustal model by a for-
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Fig. 2. (a) Observed airgun data recorded on the vertical component of
OBS67. The vertical axis is the travel time reduced by 8 km/s. A
band-pass ﬁlter (5–15 Hz) was applied to the observed data. Each trace
is normalized to its maximum amplitude. (b) Observed explosive data
recorded on the vertical component of OBS67. A band-pass ﬁlter (3–8
Hz) was applied to the observed data. Each trace is normalized to its
maximum amplitude. (c) Synthetic seismograms estimated from the
ﬁnal model using the ray theory. (d) Observed explosive data and the
estimated travel time from the ﬁnal velocity model. Red solid triangles
denote the estimated travel time. (e) Ray diagram calculated using the
ﬁnal velocity model. The vertical axis is the depth from the sea level.
The horizontal axes indicate the offset distance in kilometers between
the OBS and shots. Its deployed position is indicated in Fig. 1.
Fig. 3. The same as Fig. 2, but for OBS26. Its deployed position is
indicated in Fig. 1.
ward 2-D ray tracing method (Zelt and Smith, 1992). The
model obtained by the tau-p method and tomography anal-
ysis was used as an initial model for the ray tracing method.
We determined the P-wave velocity structure using ﬁrst ar-
rivals and later arrivals, and ﬁnally obtained the precise P-
wave velocity structure up to a depth of 30 km (Fig. 4). The
RMS error of ﬁrst-, and later, arrival data calculated using
the ﬁnal model was 265 ms (Table 1). We also calculated
synthetic seismograms using the estimated model and com-
1152 K. NAKAHIGASHI et al.: VELOCITY STRUCTURE OFF THE BOSO PENINSULA
Fig. 4. The ﬁnal velocity model. The numerals are P-wave velocities in km/s. The interval of the velocity contours is 0.4 km/s. The velocities are also
color-coded. A blank region indicates no ray coverage. The vertical axis is the depth from the sea level. The horizontal axis is the distance from the
southwestern end of the survey line. Triangles indicate the positions of OBSs. Interfaces between the plates are clearly recognized. The red arrow
indicates the northeastern limit of the Philippine Sea plate according to Uchida et al. (2009).
Table 1. The root-mean-square error for the ﬁnal model.
Data type First and later First arrivals First and later Pn arrivals
arrivals from from entire arrivals from from Paciﬁc
entire model model island arc crust plate
RMS error (ms) 263 239 265 268
pared them with the observed data (Figs. 2 and 3).
To establish the reliability, we estimated the resolution of
model parameters by an inversion algorithm. The resolu-
tion in the upper three layers is not calculated because the
velocities were estimated precisely using the tau-p method.
Resolution values greater than 0.5 are considered to be well
resolved (Zelt and Smith, 1992). Figure 5(a) and (b) show
the ray coverage and the resolution of the estimated veloc-
ity parameters, respectively. From the calculated resolution,
the velocities shallower than 20 km are well resolved with
a high resolution.
3. Results and Discussion
3.1 Detailed P-wave velocity structure and its implica-
tions
The shallow part of the structure can be divided into sev-
eral layers based on velocity changes and vertical velocity
gradients (Fig. 4). The sedimentary section varies in thick-
ness from 4 km to 9 km. The sedimentary layer which con-
sists of three layers is present throughout the entire. The
thickest sedimentary layer is found around a distance of
50 km from the southern end of the proﬁle. The upper-
most sedimentary layer and the second layer have a P-wave
velocity of 1.6–1.8 km/s and 2.3–2.7 km/s, respectively.
These layers are a common feature among the JT forearc re-
gion and correspond to Tertiary/Quaternary sediments (e.g.
Miura et al., 2005). The third sedimentary layer has a P-
wave velocity of 3.8–4.6 km/s. This layer is thought to be a
Pre-Oligocene layer (e.g. Miura et al., 2005). A layer with
P-wave velocities of 5.4–5.9 km/s underlies the sedimen-
tary sections. The thickness of this layer varies from 2 to 9
km. The depth of the top of this layer becomes shallow at
a distance of approximately 110 km from the southern end
of the proﬁle. The 5.4-km/s layer corresponds to the upper
crust of the landward plate. A layer with P-wave velocities
of 6.1–6.5 km/s underlies the upper crust in the landward
plate. The thickness of this layer ranges from 6 to 10 km.
The 5.4-km/s layer and the 6.1-km/s layer are interpreted
as the island arc crust because similar velocities are widely
observed not only below inland areas, but also along the
forearc region of the JT (e.g. Iwasaki et al., 2002; Miura
et al., 2003; Ito et al., 2004). Compared with the south-
ern part of the island arc crust, the northern part of crust
has less lateral heterogeneity. This laterally homogeneous
crustal structure in the northern part is consistent with pre-
vious studies (Miura et al., 2003, 2005).
Strong reﬂection waves were observed and were esti-
mated to be reﬂected at a deep interface (Fig. 3). This
signiﬁcant deep interface is interpreted as the top of the
subducting PAC. The subducting oceanic crust of the PAC
is imaged beneath the island arc crust (Fig. 4). The plate
boundary between the landward plate and the PAC is posi-
tioned at depths of 17 km at the northern end of the proﬁle,
and 20 km at a distance 170 km from the southern end of
the proﬁle. The PAC deepens towards the south from a dis-
tance of 200 km on the proﬁle. The subducting PAC is in
contact with the island arc crust. According to several stud-
ies, the contact zone between the island arc crust and the
oceanic crust can be the rupture areas of a great earthquake
with magnitude >7 (e.g. Nakanishi et al., 2004; Takahashi
et al., 2004). Depths of the Moho in the oceanic crust of
the PAC is 24–26 km below sea level in the northern part
of the proﬁle. The P-wave velocity of the PAC oceanic
upper mantle is 7.7–7.9 km/s. The depth and P-wave ve-
locity of the uppermost mantle (Pn velocity) of the PAC
correspond with a previous study located at the landward
slope along the JT (Miura et al., 2003). In contrast, the
Pn velocity of the PAC is slightly different from the result
of Nishizawa et al. (2009). Their survey line was located
perpendicular to our survey line. It is believed that the up-
permost mantle in the Northwestern Paciﬁc Basin exhibits
a seismic anisotropy (e.g. Shinohara et al., 2008). The az-
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Fig. 5. (a) Ray diagrams of all OBS calculated by the travel time inversion. The black lines show all turning and reﬂected waves. (b) Resolution of
the velocity nodes calculated by the travel time inversion. Resolution values are represented by a grey scale. The contour is drawn for the resolution
greater than 0.5. The contour interval is 0.1. Resolution in the sedimentary layer is not calculated because the velocity was determined by the tau-p
method.
imuthal anisotropy in the oceanic upper mantle appears to
be aligned with the direction of spreading at the time of
crustal generation rather than in the direction of present
plate motions (e.g. Christensen, 1984). The fast direction
of the Pn velocity appears to be perpendicular to the lin-
eation of magnetic anomalies. The magnetic lineation of
PAC in the off Boso region is oblique to the JT (Nakanishi
et al., 1989). There is a possibility that this difference in the
velocity is affected by seismic anisotropy, which formed at
the time of crustal generation.
In the southern part of the proﬁle, we also observed re-
ﬂected waves from a shallow interface (Fig. 2). This in-
terface deepens toward the north, and is interpreted as the
top of the subducting PHS. Position of the top of the PHS
is consistent with the result of a previous seismic reﬂec-
tion survey in this area (Takeda et al., 2007). The crustal
structure in the southern part of the landward plate is more
heterogeneous than that in the northern part. The hetero-
geneity in the southern part is thought to be inﬂuenced by
the subducting PHS plate.
Because the plate boundary between the PHS and the
landward plate dips towards the north, an extension of the
plate boundary reaches the top of the PAC. Uchida et al.
(2010) investigated small repeating earthquakes which oc-
cur on the plate boundary between the PHS and the PAC,
and estimated positions of the northeastern limit of the PHS.
According to their results, the PHS is in contact with the
PAC at distances from 0 km to 130 km on our proﬁle. How-
ever, we could not resolve the structure of the contact region
between the subducting PHS and the subducting PAC, since
the reﬂection and refraction waves passing through this re-
gion could not be identiﬁed clearly from the OBS records.
A heterogeneity structure, due to the collision of the two
plates, causes an indistinct seismic signal. We infer that the
PHS collides with the PAC in this region.
Comparing the crustal structure with the seismic activ-
ities before the 2011 Tohoku earthquake (Yamada et al.,
2011), there is no seismic activity in this region. Further-
more, Shinohara et al. (2012) shows that the aftershock ac-
tivity of the 2011 Tohoku earthquake is not seen in the re-
gion. They also show that there is a high aftershock activity
in front of the region, which we could not resolve (Fig. 6).
Lack of seismic activities in the colliding region of the two
plates and high seismic activities in the front of a tip of the
collision zone are also seen at the Hidaka Collision Zone,
central Hokkaido, Japan (Iwasaki et al., 2004). In addition,
Shinohara et al. (2012) estimated several focal mechanisms
of aftershocks, and there are earthquakes with a P-axis in
the north-south direction in front of the uncertain region
(Fig. 6). Consequently, we conclude that the subducting
PHS exists in the region which we could not resolve, and
the PHS collides with the PAC in this region. The colliding
zone of the PHS and the PAC is expected to have a strong
heterogeneity resulting from a large deformation.
3.2 P-wave velocity structure and the 2011 Tohoku
earthquake
The 2011 Tohoku earthquake with a magnitude of 9 oc-
curred at the plate boundary between the Paciﬁc plate and
the landward plate on March 11, 2011. The source region
of the mainshock is estimated to spread over a region with
a width of 500 km from the aftershock distribution. The
rupture of the mainshock started off Miyagi and propagated
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Fig. 6. The obtained P-wave velocity structures and the aftershock distribution (Shinohara et al., 2012) along the proﬁle. The aftershocks within a
20-km-wide box on both sides of the proﬁle are projected onto the seismic survey proﬁle. Focal mechanisms determined by Shinohara et al. (2012)
are also projected on the proﬁle. Red circles indicate the hypocenters of the aftershocks, and diameters of circles correspond to magnitudes. The red
and blue bars show the region which has a co-seismic slip greater than 4 m (Yoshida et al., 2011) and the region of the afterslip greater than 0.8 m as
of December 2011 (Ozawa et al., 2011; Geospatial Information Authority of Japan, 2011).
Fig. 7. Comparison of the position of the proﬁle in this study with the aftershock epicenter distribution determined by the OBS network, focal
mechanisms of aftershocks obtained by the OBS network (Shinohara et al., 2012) and by the automated moment tensor determination using the land
seismic network (F-net) (Fukuyama et al., 1998), the slip distribution during the mainshock using strong motion data (Yoshida et al., 2011) and the
slip distribution of the afterslip by the land GPS network as of December 2011 (Ozawa et al., 2011; Geospatial Information Authority of Japan, 2011).
The red and yellow contours indicate the amount of co-seismic slips and afterslip, respectively. The solid circles denote the epicenters of aftershocks
and color indicates the event depth. Grey circles denote epicenters of aftershocks determined by the JMA from March to June, 2011. The numbers
along the proﬁle represent the distance from the southern end.
to the off-Boso region. The southern edge of the rupture
zone of the mainshock was positioned at a distance of ap-
proximately 200 km from the southern end of the survey
proﬁle from the studies of the rupture process (e.g. Yoshida
et al., 2011) and the aftershock distribution deduced from
the OBS data (Shinohara et al., 2011, 2012) (Figs. 6 and 7).
Yoshida et al. (2011) estimated the source process of the
2011 mainshock from teleseismic P waves and regional
strong motion data. According to their results, a co-seismic
slip greater than 4 m is estimated in the northern part of
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the proﬁle from a distance of approximately 190 km. In
addition, Shinohara et al. (2011, 2012) determined the pre-
cise aftershock distribution by the urgent OBS observation.
The aftershock activity near the plate boundary between the
PAC and the landward plate was observed in the northern
part of the proﬁle from a distance of about 170 km. The
southern end of the seismically-active region of the after-
shocks, and the co-seismic slip, corresponds to the contact
region of the PHS and the PAC. A relationship between the
heterogeneous structure and the area of seismogenic rupture
is also reported in the Nankai trough (Kodaira et al., 2000).
After the occurrence of the 2011 Tohoku earthquake,
post-seismic deformations were detected by the GPS net-
work of Japan. Ozawa et al. (2011) estimated the afterslip
distribution in and around the source region of the main-
shock using GPS data. The Geospatial Information Author-
ity of Japan continues the monitoring of crustal deformation
on land using the GPS network and estimates the distribu-
tion of the afterslip. A large afterslip is estimated to over-
lap the coseismic slip region and extends to the surrounding
region of the mainshock. A relatively large afterslip is esti-
mated in the south of the source region. The large afterslip
region in the south corresponds to the collision region be-
tween the PHS and the PAC (Figs. 6 and 7). The rupture of
the mainshock sequence was terminated at the collision re-
gion of the PHS and the PAC, and the afterslip occurs in the
collision zone. We infer that the termination of the rupture
and the large afterslip in the collision region are caused by
the strong heterogeneity resulting from the large deforma-
tion due to the collision.
4. Conclusions
We have conducted a seismic experiment using ocean
bottom seismometers and controlled sources in the region
off Ibaraki and the Boso Peninsula in 2008. We modeled
the P-wave seismic velocity structure beneath the proﬁle.
The characteristics of the seismic velocity structure are as
follows. (1) The crustal structure in the southern part is
more heterogeneous than that of the northern part. (2) The
northward dipping structure presents the subduction of the
Philippine Sea plate in the southern part. (3) The subducting
oceanic crust of the Paciﬁc plate is in contact with the island
arc crust at a depth of about 17 km in the northern region
and a depth of 20 km at a distance of 170 km from the
southern end of the proﬁle. The geometry of the top of the
PAC changes at a distance of about 200 km of the proﬁle.
(4) The contact zone of the Philippine Sea plate and the
Paciﬁc plate is not imaged clearly. It seems that the contact
zone is characterized by a strong heterogeneity resulting
from the large deformation.
The southern end of the seismically active region of the
aftershocks, and the co-seismic slip, of the 2011 Tohoku
earthquake correspond to the contact region of the Philip-
pine Sea plate and the Paciﬁc plate. The large afterslip re-
gion coincides with the collision region of the two plates.
The termination of the mainshock rupture, and the large af-
terslip, in the collision region are thought to be caused by
the collision of the two oceanic plates.
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